We investigated extremely heavy precipitation that occurred around the Kinugawa River, Japan, in September 2015, and the probability of extreme precipitation occurrence, using data from a large ensemble forecast of more than 1,000 members that were dynamically downscaled to 1.6 km horizontal grid spacing. The observed event was statistically rare among simulated cases and the 3-day accumulated precipitation around the target area was equivalent to the 95th percentile among all simulated ensemble members. Our results show that this extreme precipitation event occurred under specific conditions: two coexisting typhoons at close proximity that produced a high atmospheric instability, and water vapor transported from the Pacific Ocean. We also assessed the probability of extreme precipitation in mountainous areas other than the Kinugawa River case. Heavy precipitation also occurred southwest of the Kinugawa River region due to two typhoons, similar to the Kinugawa River case. The tracks of these typhoons shifted marginally; however, there was a difference in the water vapor supplied to the area, causing heavy precipitation. The large-ensemble downscaled data used in this study hence enabled us to evaluate the occurrence probability of a torrential rainfall event that was rarely observed, which may contribute to updating a disaster-mitigating plan for possible similar disasters in future.
Introduction
From September 7 to 11, 2015, very heavy continuous precipitation occurred in central Japan. The Kinugawa River, a tributary of the Tone River, which is a major river in Japan, experienced extensive flooding, resulting in the worst disaster-related damage in this area over the past century (Japan Society of Civil Engineers Committee 2015; Kitabatake et al. 2017; Ushiyama et al. 2017 ). This extreme rainfall event was indirectly affected by two typhoons. The remote influence of tropical cyclones (TCs) on synoptic-scale phenomena is a key condition for producing an extreme precipitation event (e.g., Galarneau et al. 2010; Tsuguti and Kato 2014) . Nguyen-Le and Yamada (2017) investigated Typhoon Lionrock (TY1610) and its remote effect on heavy rainfall in Hokkaido, northern Japan. Their numerical simulation, which removed the vortex associated with the typhoon, showed that remote rainfall in Hokkaido was largely suppressed, thereby highlighting the importance of moisture transport toward Hokkaido by the synoptic-scale circulation related to the TC location.
To better prepare for and mitigate similar hazards of this type, the probability of extreme events and their contributing preconditions must be investigated. Although the flooding event in September 2015 impacted only a limited region, similar events including heavy precipitation may have occurred in adjacent areas due to chaotic atmospheric behavior. The frequency of extreme precipitation events has increased worldwide over the past century (e.g., Frich et al. 2002) , including in Japan (Fujibe et al. 2005) ; therefore, the risk of disasters due to such events has also increased. In addition, changes in the frequency of heavy precipitation events have been projected based on future climate scenarios (e.g., Endo et al. 2017) .
In this pilot study, we applied statistical methods to investigate an extreme precipitation event and the probabilities of such an event in the surrounding area using ensemble forecast data with more than 1,000 members. We used the extremely heavy rainfall that occurred around the Kinugawa River as an example. Our results show that the consideration of chaotic uncertainty in large ensemble datasets explains the probability of even more extreme events and helps improve our understanding of the 2015 Kinugawa heavy rainfall event.
Design of the large-ensemble numerical experiment
The use of a large amount of data derived from operational ensemble forecast output, which subsumes uncertainty caused by chaotic atmospheric behavior, can be helpful in the investigation of the mechanisms causing record-breaking heavy precipitation and its probability of occurrence under similar conditions elsewhere. In this study, we used the output of a global ensemble forecast to generate members of a large ensemble and performed dynamical downscaling using the large ensemble forecast to investigate the 2015 flooding in the Kinugawa region.
The Global Ensemble Forecast System of the National Center for Environmental Prediction (GEFS-NCEP, Table 1 ) consists of 21 ensemble members at a horizontal resolution of 1° × 1° (Whitaker et al. 2008 ). The forecast is performed with 21 different initial conditions at 6 h intervals, and 16 days of forecast data are available. These data were adopted in view of their compatibility with the physics of the regional model (see Section 3) and data accessibility. The target period during which extreme precipitation occurred in the real world (from 0000 UTC on September 8 to 0000 UTC on September 11, 2015) was set for dynamical downscaling by the regional model using the GEFS-NCEP ensemble forecast as forcing data (see Section 3 for details of the regional model). Note that the dates and duration of the downscaling experiment by the regional model are the same among all ensemble members. However, the input data for the regional model are different in each case due to variation in the initial conditions of the GEFS-NCEP forecast (Fig.  1a) . We used lagged initial conditions for the forecast to create the ensemble field, as performed in previous studies (e.g., Hoffman and Kalnay 1983; Nakano et al. 2017) . As shown in Figure 1a , 1,029 ensemble members were adopted from the GEFS-NCEP forecasts:
sponding to 6 h interval data (four times per day). The 49 sets of initial conditions were 12 days from August 27 to September 7, plus 0000 UTC September 8, resulting in 49 sets of initial conditions in total (i.e., 4 × 12 + 1). All the data of the 1,029 ensemble members from GEFS-NCEP were used as input data for the regional model.
Because the prediction ability of each forecast model generally has limitations in terms of the synoptic fields of the target event, these forecast data may contain model bias derived from errors in the particular model and its physical scheme. Therefore, the uncertainty (or ensemble spread) of the synoptic fields at the target event may depend on the model predictability. We assumed that both the ensemble spread (representing uncertainty in the initial conditions) and lagged initial conditions (representing uncertainty due to prediction error) adequately represented uncertainty in the initial and boundary conditions for the dynamical downscaling experiment. It is likely that the calculated probability of heavy rainfall would be different if other parent forecast models or initial dates were selected. However, because this was a pilot study, we used only forecast data obtained from GEFS-NCEP to evaluate the ability of large ensemble dynamical downscaling to assess a particular event. 
Regional model settings and used data
To reproduce heavy rainfall events, we performed dynamical downscaling using the Weather Research and Forecasting (WRF) model V3.5.1 (Skamarock et al. 2008) . Each ensemble forecast output of GEFS-NCEP was used as initial conditions and boundary data for each of the 1,029 ensemble members during the target period, from 0000 UTC September 8 to 0000 UTC September 11, 2015 (hereafter, these ensemble experiments are referred to as DS-GEFS; Table 2 ). The model domains are shown in Figure 1b ; these were set up as triple-nested domains with horizontal resolutions of 24, 8, and 1.6 km, respectively, in one-way nesting with 35 layers on the vertical scale. The Kain-Fritsch cumulus parameterization (Ma and Tan 2009 ) was used for domains 1 and 2. For all domains, the WRF double-moment six-class microphysics scheme (Hong et al. 2010 ) was adopted, along with the Mellor-Yamada-Nakanishi-Niino level-2.5 (MYNN2) planetary boundary layer scheme (Nakanishi and Niino 2006) and the Noah land surface model scheme (Chen and Dudhia 2001) .
The reproducibility of heavy precipitation in the regional model strongly depends on its horizontal resolution and cumulus parameterization (e.g., Kendon et al. 2012; Cruz et al. 2016) . To quantify the reproducibility of the simulated precipitation in the WRF using the abovementioned settings, a hindcast experiment was performed using NCEP Final Operational Global Analysis data (FNL; Table 1; National Centers for Environmental Prediction/National Weather Service/NOAA/US Department of Commerce 2000) with a horizontal resolution of 1° × 1°, because the forecast (GEFS-NCEP) data did not always correspond to observations. The same initial settings and time window were used (hereafter, this hindcast is referred to as DS-FNL; Table 2 ). We used these data to confirm the ability of the NCEP global model and the WRF model to replicate the real event, because the FNL data were generated from the same model as the NCEP Global Forecasting System, but also assimilated observational data. In addition, precipitation data from the Automated Meteorological Data Acquisition System (AMeDAS) weather stations and the weather map of the Japan Meteorological Agency were used to validate the precipitation estimates.
In both experiments, the results for domain 1 were used to analyze the synoptic-scale circulation. Typhoon tracks were determined from the sea level pressure (SLP) in domain 1 using methods described by Sakai and Yamaguchi (2005) . The first position of the typhoon center was determined as the grid cell with the lowest SLP below 1,000 hPa in the subsequent area. This procedure was performed for two typhoons (KILO and ETAU), one in each of the two areas obtained by dividing the domain along 140°E. Domain 2 was used for analyses of regional atmospheric instability. The targeted heavy precipitation event at Nikko occurred in a mountainous area and therefore is likely to have been affected by the terrain (Rauscher et al. 2016) . Taking into account the local orographic effects on precipitation, the simulated precipitation and related parameters (equivalent potential temperature and precipitable water) were analyzed using the output from domain 3, which was expected to realistically reproduce the circulation induced by the complex terrain at a fine horizontal resolution. Figure 2 shows the target heavy precipitation event from September 8 to 11, 2015. This event occurred in the Nikko area (139.4 -139.7°E, 36.6 -37.0°N), around the upper reaches of Kinugawa River. Two typhoons were located near the region of interest during the heavy precipitation event in the Kinugawa River catchment (KILO and ETAU; Fig. 2a ). Figure  2b shows the results of DS-FNL. The typhoon tracks and SLP at the centers of the typhoons were reasonably close to the observations. Figure 2c shows the horizontal distributions of 72 h (3-day) accumulated precipitation between 0000 UTC September 8 and 0000 UTC September 11, 2015, as observed at AMeDAS stations. An areal mean of > 300 mm precipitation was observed within 3 days throughout the Nikko area. Figure 2d shows the downscaled DS-FNL precipitation results. The horizontal distribution of accumulated precipitation peaked around the Nikko area in both the observations and downscaled data. The 3-day accumulated precipitation around Nikko during the target period estimated from the downscaled results was 390.3 mm, and the observed value was 319.4 mm. Another precipitation peak was found in the simulated results along 139°E; however, it was difficult to evaluate this peak because the area is mountainous and fewer observations were available (AMeDAS station locations are shown in Fig. 2c ). The downscaled precipitation of the southwestern Nikko area showed a positive bias, while that of the southern coast had a negative bias. Based on this comparison, we considered that the WRF setting was appropriate to simulate the extreme precipitation around Nikko. The downscaled data used reference values for comparison with other ensembles.
Results

WRF model performance in estimating precipitation around the Kinugawa River
Precipitation intensity of the downscaled ensemble members
As described in Section 2 and Fig. 1, 1 ,029 sets of GEFS-NCEP data were dynamically downscaled using the WRF model. Figure 3 shows the percentiles of the 3-day precipitation totals in the Nikko area, simulated in domain 3 of the 1,029 DS-GEFS ensem- ble members. The observed precipitation and DS-FNL simulation results were most closely approximated by the 95th percentile of all DS-GEFS ensemble members (1,029 samples). Figure 4 shows the movement of the typhoon centers between 0000 UTC September 8 and 0000 UTC September 11, as well as the 3-day precipitation totals in Nikko. The locations of the typhoons were detected using the 6-hourly SLP in domain 1 throughout each experiment (see also Section 3). Figure 4a shows all 6-hourly typhoon locations among the 1,029 DS-GEFS ensemble members. Figure 4b reveals that extreme precipitation (> 300 mm per 3-day at Nikko, corresponding to the 90th percentile among all ensemble members; Fig. 3 ) was reproduced only if the simulated typhoon tracks were close to the real tracks (Fig. 2a) . These results show that such extreme precipitation requires a highly specific set of circumstances, i.e., typhoons passing through a limited area over the Pacific Ocean and Sea of Japan.
We also analyzed variation in the DS-GEFS water vapor flux around the target area (Figs. 5a -c) . For forecasts in which the 3-day accumulated rainfall estimates exceeded 300 mm in Nikko (Fig. 5a) , a large amount of water vapor was transported from the Pacific Ocean, driven by the airflow of the two typhoons. The horizontal pattern in water vapor flux differences (Fig. 5c ) between the heavy precipitation case (Fig. 5a ) and others (Fig. 5b) indicates that a large water vapor supply from the Pacific Ocean, forming a narrow zone of highly precipitable water vapor toward the Nikko area, was a key factor contributing to the unprecedented precipitation levels during this event.
Factors controlling heavy precipitation at Nikko:
inter-typhoon distance and atmospheric instability The results reported above indicate that the distance between the two typhoons was a key factor contributing to heavy precipitation at Nikko. The 3-day mean distances between the typhoons and between Nikko (139.5°N, 36.7°E) and each typhoon were calculated. Figure 6 shows the relationship between these distances and the 3-day precipitation at Nikko calculated from the DS-GEFS results. Figure 6a shows that heavy precipitation (> 300 mm) occurred when distances of 1120 -1440 km separated the two typhoons. A further condition for the generation of heavy precipitation was that the distance between ETAU (the western typhoon) and Nikko was in the range 320 -710 km, and that between KILO (the eastern typhoon) and Nikko was in the range 830 -1090 km (Fig. 6b) . Using these distance criteria, 75 cases were selected (Fig. 6a , red circles) and the associated typhoon tracks (Fig. 4c ) and moisture transport (Figs. 5d -f) were plotted. The selected ensemble members were not perfectly coincident with extreme precipitation cases (> 300 mm per 3-day; Fig. 4b) ; however, > 70 % of members that produced such heavy precipitation at Nikko were included. Water vapor transport from the Pacific Ocean was also important for heavy precipitation and the synoptic-scale circulation formed by the two typhoons produced moist airflow toward the Nikko area.
Next, we investigated the heavy precipitation around Nikko from the perspective of the convective instability criterion computed from the difference in equivalent potential temperature between 500 and 850 hPa (i.e., θ e, 500hPa -θ e, 850hPa , where negative values indicate convective instability). According to previous reports (e.g., Kitabatake et al. 2017) , such atmospheric instability develops in response to moist airflow in the lower atmosphere from the Pacific Ocean and dry air supplied to the upper atmospheric layer from regions to the west and north of the target area. This circulation pattern is strongly linked to the presence of the two typhoons and therefore is likely to have been a key contributor to the precipitation event. Figure  7a shows the 3-day mean of differences in equivalent potential temperature derived from DS-FNL (domain 2). These mean estimates show high instability above central Japan.
To determine the horizontal pattern of high atmospheric instability, we attempted to deconvolve the effects of convective instability in driving the heavy Fig. 3 . Percentiles of the 3-day precipitation [mm] estimated from all downscaled ensemble members of DS-GEFS. Red value indicates the 3-day precipitation simulated in DS-FNL.
precipitation event, using a self-organizing map (SOM; Kohonen 1982) . SOMs utilize an unsupervised learning process to create a user-determined, two-dimensional array of nodes to segregate the major pattern characteristics of the input data (e.g., Nishiyama et al. 2007; . In this study, we used the 3-day mean differences in equivalent potential temperature between 500 and 850 hPa in domain 2 as input. After testing several array sizes and SOM learning parameters, we opted for a 7 × 6 array, which yielded 42 different spatial patterns. On average, each node contained about 25 (1,029 members/42 nodes) Fig. 4 . Six-hourly plots of the typhoon center locations during the target period of DS-GEFS, employing (a) all ensemble members, (b) ensemble members that simulated 3-day accumulated precipitation over 300 mm at Nikko, (c) ensemble members that reproduced two typhoons satisfying the distance criteria (see Section 4.3), and (d) ensemble members categorized by SOM (see Section 4.3). The dots indicate the 6-hourly typhoon center locations and these are colored based on the 3-day accumulated precipitation at Nikko for each member (each 6-hourly track is dotted with the color of the 3-day precipitation at Nikko). Track lines are shown where the simulated precipitation exceeds 300 mm within the 3-day window.
members and appeared to discriminate between prominent spatial patterns without overgeneralizing or over-segregating the input data. Although the SOMs may give the impression that each node is regularly spaced, this is usually not the case. Sammon maps (Sammon 1969) are commonly used to provide a two-dimensional representation of the relationship between each node and its closest neighbor. Such flat Sammon maps are often preferred, to avoid convoluted relationships between nodes (Cassano et al. 2015) , as we confirmed in the present study (Fig. S1 ). The SOM nodes calculated by the instability are shown in Fig. S2 and the corresponding typhoon tracks are shown in Fig. S3 . The SOM node matrix was clustered again using the unified distance matrix (U-matrix) method (Ultsch and Siemon 1990) , which evaluates the distances between different parts of neighboring nodes. Figure S4 shows the calculated U-matrix, revealing that, where the differences between neighboring values were large, the spatial pattern differed between the nodes. The matrix was separated into three categories. Category 1 shows similar instability distributions to those of DS-FNL (Fig. S2, top left panel) . The spatial correlation coefficient between DS-FNL and the category 1 mean was 0.36, and those of other categories were < 0.10. We used the five nodes in category 1 (Fig. S4, hatched  area) for subsequent analyses.
The composited map of typhoon tracks categorized by these five nodes is shown in Fig. 4d . This was a looser criterion than the distance criterion; however, more than 50 % of tracks that produced heavy precipitation (> 300 mm per 3-day) at Nikko were included in this selection. Moreover, a similar pattern of the water vapor supply from the Pacific Ocean was detected using SOM (Fig. 5g) . The horizontal patterns of atmospheric instability composited using the selected distances and SOM category 1 are shown in Fig. 7 . Compared to that of DS-FNL (Fig. 7a) , the distance selection pattern was quite similar (Fig. 7b) . The area with high atmospheric instability in SOM category 1 tended to shift to the west compared to that of DS-FNL (Fig. 7c) ; moreover, atmospheric instability was weaker in the eastern region. This difference is likely due to the selected typhoon tracks (Fig. 4d) ; some of the western TC (ETAU) tracks shifted to the southwest, which should weaken the circulation from the Pacific Ocean to the Nikko area. The SOM category 1 node results demonstrate the difficulty of categorizing heavy precipitation at Nikko using only the horizontal pattern of mean atmospheric instability, but they can be used to coarsely sort cases with the potential for unstable phenomena.
The relationship between areal mean atmospheric instability and precipitation at Nikko and the windward area (139.0 -139.7°E, 35.1 -35.5°N) are shown in Fig. 8 . Atmospheric instability was highly variable in both cases, with heavy precipitation (> 300 mm per 3-day) found at an instability range of −8.0 to 1.5 K. Instability tended to be higher in windward areas (Fig. 8c) . Heavy precipitation occurred at Nikko only when the amount of precipitable water was relatively large, and all cases defined by the distance criteria (see Section 4.3) contained a large amount of water vapor (Figs. 8b, d ). Atmospheric instability generally predicted heavy precipitation; however, water vapor supply was also essential for 3-day accumulated heavy precipitation, especially during this event.
Probability of heavy rain in nearby regions
The criteria that allowed us to simulate extreme precipitation in terms of the locations of typhoons supplying large amounts of water vapor under strong atmospheric instability applied only to precipitation events over the Kinugawa region. Extreme precipitation events can also occur over different topography under similar atmospheric conditions. Therefore, we tried to estimate the heavy precipitation caused by a two-typhoon system in nearby regions. Our findings could be applied to improve mitigation measures for extreme weather events over a wide area. Figure 9 shows maps of precipitation statistics in domain 3 of DS-GEFS calculated from all ensemble members, ensemble members selected using the distance criteria, and ensemble members selected using SOM categories. Mean precipitation peaks were found in mountainous areas as well as the Kinugawa River region (Figs. 9a -c) . In the composite map of all ensemble members, higher precipitation was simulated around Nikko and an area southwest of Nikko (hereafter, Okutama; ; Fig. 9a ). The most extreme precipitation (99th percentile) in each grid cell is shown in Figs. 9d -f . Heavy rain (> 500 mm per 3-day) was found around both Nikko and Okutama (the mountainous area and an adjacent area). The probability of extreme precipitation around Nikko and Okutama exceeded 50 % in both the distance and SOM cases. The probability of heavy precipitation calculated from all ensemble members also exceeded 15 % in both Nikko and Okutama. This numerical experiment was performed for only one particularly extreme event; however, our results demonstrate the specific nature of the conditions required for extreme precipitation at Nikko.
To investigate the differences in heavy precipitation between Nikko and Okutama, composite analyses were performed using the five most extreme precipitation cases in the two regions, as determined from the distance selection. The ensemble members in the distance selection were required to possess the characteristic conditions for producing extreme precipitation at Nikko. Figure 10a shows typhoon tracks for extreme precipitation cases at Nikko and Okutama. The tracks of the western typhoon (ETAU) were similar at both Nikko and Okutama. However, the eastern typhoon (KILO) in the Okutama case tended to be located farther southwest than in the Nikko case. In addition, there was a westerly shift in the high moisture zone in the Okutama case (Figs. 10b -d) . Precipitation composites showing heavy rain events are presented in Figs. 10e and 10f (> 500 mm per 3-day). The maximum possible precipitation can occur when abundant water vapor is supplied at the foot of a mountainous area and dynamically lifted to the upper layer by the terrain and strong air flow (Smith et al. 2010) .
A typhoon track shift of even < 100 km can change the location of a typhoon-related disaster. In this study, factors controlling extreme precipitation at Nikko included the locations of the typhoons and the distance between them, as these factors control the synoptic circulation supplying water vapor from the Pacific Ocean during periods of high atmospheric instability in the Kinugawa basin region. This type of study can be applied to other low-frequency events and is useful for understanding the high likelihood of heavy rainfall in a particular area.
Conclusion
We investigated the extreme precipitation event that occurred in the Kinugawa River area in September 2015 using ensemble forecast data (> 1,000 members). Our results showed that this event occurred as a result of highly unstable atmospheric conditions caused by the close proximity of two typhoons. These typhoons passed through a narrow area while maintaining adequate separation that led to the development of strong atmospheric instability and water vapor transport from the Pacific Ocean, ultimately causing extreme precipitation. The observed heavy precipitation was equivalent to the 95th percentile of the distribution among all ensemble members. The precipitation distribution was nonlinearly affected by local circulation induced by the topography.
We also assessed the probability of extreme precip- ). Left panels were calculated from all ensembles, center panels were calculated from the ensemble members satisfying the distance criteria (see Section 4.3), and right panels were calculated from ensemble members that categorized by SOM (see Section 4.3). The white contours (at 100 m intervals) and numbers in (a) show the altitude over 500 m. The red boxes in (a) indicate the Nikko and Okutama area used in the analysis. itation in mountainous areas other than the Kinugawa River region. Around Okutama, southwest of the Kinugawa River region, heavy precipitation also occurred due to the two typhoons, similar to the Kinugawa River case. However, the typhoon tracks shifted marginally (< 100 km); this shift supplied water vapor to the area, causing heavy precipitation.
Our results demonstrate that the proposed method is useful for investigating the mechanisms of lowfrequency events. Ensemble numerical weather forecast estimates simulate perturbed synoptic fields that can occur under similar large-scale forcing. Our method allowed us to assess the Kinugawa disaster by quantifying the probability of its occurrence and intensity under specific atmospheric conditions. Thus, the present study provides an important approach for modeling hypothetical disaster scenarios based on actual disasters and it will be helpful in designing measures against future similar disasters without relying on limited observational data.
Supplements
The file Supplement includes four figures used for SOM analysis. . Figure S4 : U-matrix of the SOM corresponding to the 7 × 6 nodes in Fig.  S2 . Color shows the Euclidean distances between the neighboring nodes. The hatched nodes were used for the analysis (see Section 4.3).
